It has recently been shown that the ventrolateral part of the periaqueductal gray (VLPAG) and the adjacent dorsal deep mesencephalic nucleus (dDpMe) contain GABAergic neurons gating paradoxical sleep (PS) onset by means of their projection to the glutamatergic PS-on neurons of the sublaterodorsal tegmental nucleus (SLD). To determine the mechanisms responsible for the cessation of activity of these GABAergic PS-off neurons at the onset and during PS, we combined the immunostaining of c-FOS, a marker of neuronal activation, with cholera toxin b subunit (CTb) retrograde tracing from the VLPAG/dDpMe in three groups of rats (control, PS deprived, and PS hypersomniac). We found that the lateral hypothalamic area (LH) is the only brain structure containing a very large number of neurons activated during PS hypersomnia and projecting to the VLPAG/dDpMe. We further demonstrated that 44% of these neurons express the neuropeptide melanin concentrating hormone (MCH). We then showed that bilateral injections in the LH of two inhibitory compounds, clonidine (an ␣-2 adrenergic agonist) and muscimol (a GABAa agonist) induce an inhibition of PS. Furthermore, after muscimol injections in the LH, the VLPAG/dDpMe contained a large number of activated neurons, mostly GABAergic, and projecting to the SLD. Altogether, our results indicate for the first time that the activation of a population of LH neurons, in part MCH containing, is necessary for PS to occur. Furthermore, our results strongly suggest that these neurons trigger PS by means of their inhibitory projection to the PS-off GABAergic neurons located in the VLPAG/dDpMe.
Introduction
Paradoxical sleep (PS), also called rapid eye movement sleep (REM sleep), is characterized by rapid eye movements, cortical activation, and muscle atonia. A number of studies indicate that PS is generated by glutamatergic neurons specifically active during PS (PS-on) located in the pontine sublaterodorsal tegmental nucleus (SLD) (Sakai and Koyama, 1996; Boissard et al., 2002; Lu et al., 2006; Clément et al., 2011; Krenzer et al., 2011) . It has further been shown that the activation of these neurons at the onset of PS is due to the removal of a GABAergic input present during waking and slow-wave sleep (SWS). Indeed, blockade of the GABAa receptors in the SLD by the application of GABAa antagonists (bicuculline or gabazine) is sufficient to induce the activation of SLD PS-on neurons and the state of PS (Xi et al., 1999; Boissard et al., 2002) . These results highly suggest that a population of GABAergic PS-off neurons tonically inhibits the PS-on glutamatergic neurons of the SLD during waking and SWS. A number of studies indicate that these neurons are localized in the ventrolateral part of the periaqueductal gray (VLPAG) and the adjacent dorsal part of the deep mesencephalic reticular nuclei (dDpMe). Indeed, this region contains most of the GABAergic neurons projecting to the SLD and is the only brainstem region containing a large number of GABAergic neurons activated during 72 h of PS deprivation ). In addition, inactivation of the VLPAG/dDpMe region by muscimol (a GABAa agonist) application, or its neurochemical lesion, induces strong increases in PS quantities (Sastre et al., 1996; Crochet et al., 2006; Lu et al., 2006; Vanini et al., 2007; Kaur et al., 2009; Sapin et al., 2009 ).
It has then been shown that, in PS hypersomniac rats, the SLD contains c-FOS expressing and GABAergic neurons projecting to the VLPAG/dDpMe (Lu et al., 2006) . From these and our results, the authors hypothesized that a mutual inhibitory interaction between GABAergic SLD PS-on and GABAergic VLPAG/dDpMe PS-off neurons constitutes a brainstem flip-flop switch controlling PS onset and maintenance (Lu et al., 2006) . However, we did not confirm the presence of c-FOS/gad67 double-labeled neurons in the SLD in PS hypersomniac animals ).
Instead, we reported a large number of c-FOS/gad67 doublelabeled neurons in other afferents known to project to the VL-PAG/dDpMe (Behbehani, 1995; Kaur et al., 2009; Hsieh et al., 2011) , such as the lateral hypothalamic area (LH), the other PAG subdivisions, and the dorsal paragigantocellular reticular nucleus (DPGi) (Sapin et al., , 2010 .
Therefore, to determine whether the latter structures or the SLD control the activity of the PS-off GABAergic neurons of the VLPAG/dDpMe, we decided to map in the entire brain neurons activated during PS hypersomnia and projecting to the VLPAG/ dDpMe. We found that the LH is the only brain structure containing a very large number of neurons activated during PS hypersomnia projecting to the VLPAG/dDpMe. We then determined the effect on PS of pharmacological inactivation of LH neurons.
Materials and Methods
All experiments were conducted in accordance to the French and European Community guidelines for the use of research animals and approved by the Institutional Animal Care and Use Committee of the University of Lyon 1 (Protocols BH 2006-07 and BH 2006-09) . Sprague Dawley male rats were housed individually in recording barrels under a constant 12 h light/dark cycle (light on at 08:00 A.M.). Room temperature was maintained at 21 Ϯ 1°C, and food and water were available ad libitum throughout the experiments.
Surgery
Retrograde tracing. Rats (290 -300 g, Charles River) were anesthetized with a Ketamine/Xylazine mix (100 mg ⅐ kg Ϫ1 and 10 mg ⅐ kg Ϫ1 respectively, i.p.) and mounted in a stereotaxic frame (David Kopf Instruments) . Following incision of the scalp, a hole was drilled in the skull and a borosilicate glass micropipette (3-5 m external tip diameter) backfilled with a low-salt CTb solution (0.5% in 0.1 M PB, pH 6; List Biological Laboratories) (Luppi et al., 1988) was slowly lowered by means of a hydraulic micropositioner (David Kopf Instruments) into the VLPAG/ dDpMe (n ϭ 24) or the SLD (n ϭ 2) according to their stereotaxic coordinates (VLPAG/dDpMe: anterior (A)-posterior (P), Ϫ7; medial (M)-lateral (L), ϩ0.8; dorsal (D)-ventral (V), Ϫ5.2; SLD AP, Ϫ9.6; ML, ϩ1.2; DV, Ϫ5.8; distances in mm from bregma, except for DV that is from the brain surface). The micropipette was left in place for 5 min before the tracer was iontophoretically ejected. For this purpose, the micropipette was connected by a silver wire immersed in the CTb solution to a current generator (CS4, Transkinetics) that delivered a pulsed positive current (7 s on/7 s off) for 15 min (Luppi et al., 1988) . At the end of the ejection, the pipette was left in place for at least 10 min to avoid leakage of the tracer along the pipette track.
Cannula implantation. Eight rats (290 -310 g), including the two with a CTb injection in the SLD, were bilaterally implanted with a 26 gauge guide cannula 2.6 mm above the LH (AP, Ϫ3.3; ML, Ϯ1.8; DV, Ϫ8.5). Due to space constraint, guide cannulas were implanted with a 10°lateral angle. They were then cemented to the skull using acrylic cement (Superbond, Sun Medical) and dental cement (Paladur, Heraeus Kulzer).
EEG/EMG implantation. All the rats were implanted for electroencephalographic (EEG) and electromyographic (EMG) recordings. As previously described (Verret et al., 2005 Sapin et al., 2009) , four stainless-steel screws (Anthogyr) were inserted over the frontal (AP, ϩ3; ML, ϩ1), parietal (AP, Ϫ4; ML, ϩ3), occipital (AP, Ϫ8; ML, ϩ3), and cerebellar (AP, Ϫ12; ML, ϩ2) cortices. Two gold-coated electrodes were also inserted into the neck muscles to record EMG activity. All EMG and EEG electrodes were then fixed to the skull using acrylic cement (Superbond) and connected to a miniature plug (Plastics One) that was cemented using dental cement (Paladur).
Paradoxical sleep deprivation and recovery
After the surgery, rats (n ϭ 24) were allowed to recover for 5 d, during which time they were weighed daily, before being habituated to the recording conditions for at least 4 d and then recorded during a 2 d baseline. Then, PS deprivation was performed using the well characterized flowerpot method (Maloney et al., 1999 (Maloney et al., , 2000 (Maloney et al., , 2002 Verret et al., 2003 Verret et al., , 2005 Sapin et al., 2010; Clément et al., 2011) . The rats were separated in three groups of four. Rats of the control group (PSC) remained on a bed of woodchips throughout the experiment. PS-deprived rats (PSD) were placed at 11:00 A.M. for 75 h in a barrel containing a small platform (6.5 cm in diameter) surrounded by water. PS hypersomniac rats (PSR for PS-recovering) were submitted to the same deprivation as the PSD animals for 72 h. At 11:00 A.M. on the last day of the experiment, PSR rats were removed from the deprivation barrel and put in a new barrel with a dry bed of woodchips to recover from PS-deprivation. PSR rats were killed exactly 150 min after the first PS episode, which generally occurs after 30 min of exploration and grooming. PSC and PSD rats were killed at 2:00 P.M. Each day during PS-deprivation, PSD and PSR animals were put in a clean barrel for ϳ30 -45 min while their deprivation barrels were cleaned.
Pharmacology
Animals (n ϭ 8) were allowed to recover for 5 d after the surgery, during which time they were weighed daily. They were then habituated to the recording conditions and handled daily for at least 15 min during 1 week to minimize nonspecific stress. Muscimol (0.3 l; GABAa receptor agonist, 1 g ⅐ l Ϫ1 in NaCl 0.9%; Sigma-Aldrich), clonidine hydrochloride (␣-2 adrenoreceptor agonist, 0.53 g ⅐ l Ϫ1 in NaCl 0.9%; Tocris Bioscience), or NaCl (0.9%) were injected in each hemisphere at the rate of 0.1 l ⅐ min Ϫ1 using a Hamilton syringe (Hamilton) connected to the cannula with the appropriate polyethylene tubing (Plastics One) and inserted into a micro-pump (New Era Pump System). The 33 gauge cannulas (Plastics One) protruded out 2.6 mm from the guide cannula.
All injections started at 9:20 A.M. Cannulas were lowered down the brain and left in place 5 min before and after the injection. Animals were then put back in their barrel and vigilance states were recorded for 16 h. All drugs were stored at their final concentration at Ϫ20°C and one new batch was used for each injection. Each rat received three injections (NaCl, clonidine hydrochloride, and muscimol) spaced by at least 3 d and the sequence of drug injections was randomized. Finally, each rat received a final injection of either muscimol (n ϭ 4) or NaCl (n ϭ 4) and was perfused 3 h after the end of injection.
Polygraphic recordings
Rats were connected to a cable attached to a rotating connector (Plastics One) to allow free movements of the animal within its cage. EEG and EMG signals were amplified (MCPϩ, Alpha-Omega Engineering) and collected on a computer via a CED interface using Spike2 software (Cambridge Electronic Design). For all animals, the same amplification was used and each animal remained in the same recording box during the entire experiment. Sampling frequency for polygraphic recordings was 520.8 Hz.
Perfusion, fixation, and sectioning
Under deep pentobarbital anesthesia (Ceva santé animale, 150 mg ⅐ kg Ϫ1 , i.p.), rats were transcardially perfused with Ringer's lactate solution containing 0.1% heparin, followed by 500 ml of a cold fixative solution composed of 4% paraformaldehyde in 0.1 M phosphate buffer (PB, pH 7.4). The brains were removed, stored overnight at 4°C in the fixative solution, and then left for 3 d in 30% sucrose in 0.1 M PB. Brains were then rapidly frozen in methyl-butane cooled with dry ice and 30-mthick coronal sections were cut on a cryostat (Microm). Free-floating sections were collected and stored at Ϫ20°C in a RNase free cryoprotectant solution (Sapin et al., , 2010 Clément et al., 2011 ).
Immunohistochemistry
As previously described (Boissard et al., 2002) , brain sections were successively incubated in (1) a rabbit antiserum against c-FOS (1:10,000; Merck) in PBST-Az (PBS containing 0.3% of Triton X-100 and 0.1% of Natriumazide) for 3 d at 4°C; (2) a biotinylated goat anti-rabbit IgG solution (1:1000; Vector Laboratories); and (3) an ABC-HRP solution (1:1000; Elite kit, Vector Laboratories) both for 90 min at room temperature. Finally, the staining was revealed in a 0.05 M Tris-HCl buffer, pH 7.6, containing 0.025% 3,3Ј-diaminobenzidine-4 HCl (DAB; SigmaAldrich), 0.003% H 2 O 2 , and 0.6% nickel ammonium sulfate. Three washes of 10 min were performed between each step. The c-FOS immunostained sections were then incubated the following day in a goat polyclonal antibody against hypocretin (HCRT; 1:5000; Santa Cruz Biotechnology), a rabbit antiserum against the neuropeptide melanin concentrating hormone (MCH, 1:20,000; Phoenix Pharmaceutical), or a goat antiserum against CTb (1:40,000; List Biological Laboratories) in PBST-Az over 3 d at 4°C. Amplification steps were similar to those described above, except that the last step was performed in DAB solution without nickel ammonium sulfate. Finally, the sections were mounted on glass slides, dried, and coverslipped with DePex.
For the triple labeling of c-FOS, MCH, and CTb, the first step for c-FOS was performed as described above. Then c-FOS stained sections were incubated for (1) 3 d at 4°C in PBST-Az containing the MCH rabbit antiserum (1:5000) and the CTb goat antiserum (1:10,000) and (2) 2 h in PBST containing the fluorescent secondary antibodies (Alexa Fluor 488 donkey anti-rabbit IgG, 1/500; Alexa Fluor 546 donkey anti-goat IgG, 1/500; Invitrogen). Finally, sections were rinsed in PBST, mounted on glass slides, and coverslipped with Mowiol 4 -88 (Merck). The analysis of immunostained neurons was performed immediately to prevent fading of fluorescence.
c-FOS immunohistochemistry combined with gad67 or neurotensin mRNA in situ hybridization
The antisense and sense digoxigenin-labeled probes against the 67 kDa isoform of glutamic acid decarboxylase ( gad67 ) and neurotensin mRNA were synthesized from a recombinant linearized plasmid containing the gad67 or neurotensin cDNA using a nonradioactive RNA labeling kit (Roche Diagnostic). As described previously (Sapin et al., , 2010 Clément et al., 2011) , the brain sections were successively incubated overnight with a rabbit antiserum against c-FOS (1:4000; Merck), 90 min in a biotinylated goat anti-rabbit IgG solution (1:1000; Vector Laboratories), and 90 min in an ABC-HRP solution (1:1000; Elite kit, Vector Laboratories). Then, the sections were revealed for ϳ15 min in a 0.05 M Tris-HCl buffer, pH 7.6, containing 0.025% DAB (Sigma-Aldrich) and 0.003% H 2 O 2 . All buffers contained 0.2% of RNase inhibitor (solution Protect RNA RNase inhibitor, Sigma-Aldrich). They were then rinsed in PBST containing 10 mM dithio-threitol (DTT, Sigma-Aldrich) and a standard saline citrate solution (SSC 2ϫ). Sections were then placed overnight at 65°C in the hybridization buffer containing 0.5 g ⅐ ml Ϫ1 of the digoxigenin-labeled probe. Sections were washed in SSC 1ϫ, 50% formamide, 0.1% Tween 20, and treated with RNase A (USB Corporation). Sections were then incubated with an anti-digoxigenin antibody conjugated to alkaline phosphatase (1:2000, Roche Diagnostic). Staining was revealed using nitroblue tetrazolium and 5-bromo-4-chloro-3-indolyl-phosphate (Roche Diagnostic). Finally, the sections were mounted on slides, dried, and coverslipped with Vectamount (Vector Laboratories). Controls in the absence of primary antibodies (anti-c-FOS and anti-digoxigenin) or with the sense probe were run to ensure for the specificity of the labeling.
Quantification of the sleep-wake cycle
For the PS-deprivation/recovery experiments, the polygraphic recordings were analyzed in each animal for the last 150 min before death. For the pharmacological experiments, the analysis was performed for the 16 h following the injections. Vigilance states were manually scored by 5 s epochs using a homemade script developed using Spike2 software (Cambridge Electronic Design). State classification was done by a visual check of polygraphic signals and the help of a sliding window showing the EEG power spectrum analyzed during the same 5 s epoch by fast Fourier transform. Waking was characterized by a desynchronized (activated) low-amplitude EEG accompanied by a sustained EMG activity; SWS was distinguished by high-voltage slow waves (1.5-4.0 Hz) and spindles (10 -14 Hz) and the disappearance of phasic muscle activity. The occurrence of muscle atonia with a regular and pronounced theta rhythm (4 -9 Hz) characterized PS. We then calculated the mean quantities, percentages, number, and duration of episodes for each vigilance state. For pharmacological experiments, SWS and PS latencies were also calculated. They were defined as the time between the end of the injection session and the first SWS, or PS, episode, respectively.
Quantitative analysis of labeled neurons
CTb/c-FOS analysis after PS deprivation and recovery. We exhaustively mapped c-FOS singly (c-FOSϩ), CTb singly (CTbϩ), and CTb/c-FOS double-labeled (CTb/c-FOSϩ) neurons from AP ϩ0.4 to AP Ϫ12.8 in four animals per condition (PSC, PSD, PSR) with an injection site located in the VLPAG/dDPMe and in four control PSR animals with CTb injections in the structures surrounding the VLPAG/dDPMe (Fig. 1) . Labeled neurons localized in the halo immediately surrounding the injections sites were not counted. Bilateral drawings of double-labeled sections taken at 600 m intervals were made with an Axioskop microscope (Zeiss) equipped with a motorized X-Y-sensitive stage and a video camera connected to a computerized image analysis system (Mercator; ExploraNova). The number of c-FOSϩ, CTbϩ, and CTb/c-FOSϩ neurons per structure was automatically counted and exported using Mercator (ExploraNova). When a structure was present on several sections, the neurons counted on all sections were summed. The atlas of Paxinos and Figure 1 . Localization of the CTb injection sites. The cores of the 12 CTb injection sites located in the VLPAG/dDpMe are delineated by red, green, and black lines for PS hypersomniac, PS deprived, and control animals, respectively. The cores of the injection sites were defined by a dense full labeling of the tissue in contrast to the halo surrounding them in which CTb labeling was observed in fibers and cell bodies. These animals were used for the analysis of CTb/c-Fos double-labeling across the entire brain. Black dashed lines delineate the 12 CTb control injections sites localized in the structures surrounding the VLPAG/dDpMe. The sites labeled with an asterisk correspond to the four control injections obtained in PS hypersomniac animals and for which CTbϩ and CTb/c-FOSϩ neurons were counted in the entire brain.
Watson (Paxinos and Watson, 1998) was used as a reference for all structures except the SLD that was named and delineated according to Swanson (1998) .
CTb/c-FOS/MCH triple labeling. For this part of the experiment, one side (ipsilateral to the CTb injection) of four sections spaced at 360 m taken at the level the LH was analyzed. The number of CTb/c-FOSϩ and CTb/c-FOS/MCHϩ neurons were then counted and summed for these four sections. The analysis was only performed in the four animals of the PSR group as MCH neurons do not express c-FOS in control and PSdeprived conditions (Verret et al., 2003) .
c-FOS/neurotensin double labeling in the LH. In four PSR animals, the number of c-FOSϩ, neurotensinϩ, and c-FOS/neurotensinϩ neurons was counted in the LH on two sections spaced by 200 m.
Histological analysis following muscimol injection in the LH. For all animals perfused after muscimol or NaCl injections (n ϭ 4 in each group), the number of c-FOS/HCRTϩ, c-FOS/MCHϩ, and c-FOS/ gad67ϩ neurons was counted on one section containing the LH (AP, Ϫ2.5) for HCRT and MCH, or the VLPAG/dDPMe (AP, Ϫ7.4) for gad67. Since the distribution of c-FOS labeling was similar on both sides of the brain, only one side was counted.
Statistical analysis
Because of the small number of animals used in each experiment, nonparametric statistical tests were used. For the comparison of vigilance states and the number of labeled neurons across PSC, PSD, and PSR conditions, Kruskal-Wallis tests were used, followed by a after hoc PLSD Mann-Whitney U test to identify pairwise differences. For the pharmacological results, statistical differences in state quantities, latency, duration, and number of episodes between NaCl and muscimol or clonidine were determined with a Wilcoxon signed-rank test. Statistical differences in the number of HCRT/c-FOSϩ, MCH/c-FOSϩ, or gad67/c-FOSϩ neurons were determined with a Mann-Whitney U test. All statistics were performed using StatView software and a significant effect was considered when p Ͻ 0.05.
Results

Sleep quantities
We used the well characterized and reproducible inverted flowerpot method to modulate PS quantities in rats (Maloney et al., 1999 (Maloney et al., , 2000 (Maloney et al., , 2002 Verret et al., 2003 Verret et al., , 2005 Sapin et al., 2009 Sapin et al., , 2010 Clément et al., 2011) . During the last 150 min before death, PS was almost eliminated in PS-deprived rats (PSD rats, n ϭ 4; 0.2 Ϯ 0.2%) compared with control animals (PSC rats, n ϭ 4; 12.2 Ϯ 2.1%, Mann-Whitney U test, Z ϭ Ϫ2.309, p ϭ 0.02). The animals recovering from deprivation (PSR rats, n ϭ 4) showed a strong and significant increase in PS quantities (47.3 Ϯ 4.8%) compared with PSC (Mann-Whitney U test, Z ϭ Ϫ2.309, p ϭ 0.02) and PSD (Mann-Whitney U test, Z ϭ Ϫ2.309, p ϭ 0.02) animals. The PSD (32.6 Ϯ 4.9%, Mann-Whitney U test, Z ϭ Ϫ2.021, p ϭ 0.04) and PSR (34.0 Ϯ 2.0%, Mann-Whitney U test, Z ϭ Ϫ2.309, p ϭ 0.02) rats also showed a significant reduction in SWS compared with control animals (53.2 Ϯ 4.2%) at the benefit of waking and PS, respectively. The increase in PS quantities in PSR rats compared with control animals was due to an increase in the duration of PS episodes (3.4 Ϯ 0.4 min vs 1.5 Ϯ 0.2 min, Mann-Whitney U test, Z ϭ Ϫ2.309, p ϭ 0.02). The number of PS episodes tended to increase in the PSR condition but was not significant (22.5 Ϯ 4.5 vs 12.8 Ϯ 2.9, Mann-Whitney U test, Z ϭ Ϫ1.588, p ϭ 0.11).
VLPAG/dDpMe afferents specifically activated during PS hypersomnia
Twelve CTb injection sites were localized at the border between the VLPAG and the dDpMe (Figs. 1, 2A) . The presence of numerous c-FOS labeled (c-FOSϩ) neurons within the CTb injection sites in PSD animals indicates that the GABAergic PS-off neurons were effectively targeted (Fig. 2A1) . In addition, 12 control injections sites were localized in structures surrounding the VLPAG/ dDpMe containing no or a few c-FOS labeled neurons in PSD animals (Fig. 1) .
The distribution of c-FOSϩ neurons in PSC, PSD, and PSR animals (as illustrated in Fig. 2E ) was similar to that described in our previous reports ( (Table 1) was also in line with previous works on the afferents to the VLPAG/ dDpMe region (Holstege et al., 1985; Behbehani, 1995; Rizvi et al., 1996; Dong and Swanson, 2006; Lu et al., 2006; Kaur et al., 2009; Hsieh et al., 2011) . The largest number of CTb-labeled (CTbϩ) neurons was observed in the bed nucleus of the stria terminalis (BST), the central nucleus of the amygdala (Ce) (Fig. 2F) , the LH (Fig.  2B,C) , the zona incerta (ZI) (Fig. 2C) , the periaqueductal gray (PAG), the superior colliculus (SC), the DpMe, and the nucleus pontis oralis (PnO). A large number of CTb/c-FOS doublelabeled neurons (CTb/c-FOSϩ) was only seen in PSR animals ( Table 1 ). Most of these cells were localized ipsilaterally to the CTb injection site in the posterior part of the hypothalamus and the different subdivisions of the PAG (Table 1 ). The LH (55.8 Ϯ 4) contained a very large, and the adjacent ZI (27.5 Ϯ 5.8) a large number of CTb/c-FOSϩ cells in PSR animals compared with PSD and PSC ones ( p Ͻ 0.05 for each paired comparison) (Table 1, Fig. 2 B, C) . The doublelabeled neurons accounted for 13 and 7% of the total number of CTbϩ neurons in the LH and the ZI, respectively. The posterior hypothalamic area also contained a significant number of double-labeled neurons in PSR animals compared with the two other conditions (Table 1) .
The rostromedial (RMPAG), dorsomedial (DMPAG), and to a minor extent the dorsolateral (DLPAG) PAG also contained a large number of double-labeled cells in PSR animals compared with the PSC and PSD ones ( p Ͻ 0.05 for all paired comparison) ( Table 1 ). The LPAG and VLPAG contained a large or substantial number of double-labeled cells compared with PSC animals not only in PSR but also in PSD animals ( p Ͻ 0.05 for all paired comparison) ( Table 1 ). The percentage of CTb/c-FOSϩ versus the total number of CTbϩ neurons was 12-18% in the dorsal and 8 -6% in the ventral PAG subdivisions, respectively.
Finally, a substantial to small number of double-labeled neurons was seen in PSR animals in the DpMe, the DPGi, and the caudal (PnC) and oral (PnO) pontine reticular nuclei. The percentage of CTb/c-FOSϩ double-labeled cells over the total number of CTbϩ cells was Ͻ6% in these structures except for the DPGi in which they surprisingly represented 60% of all CTbϩ neurons.
Importantly, the lateral preoptic area (including the extended ventrolateral preoptic area), the SLD, and the laterodorsal tegmental nucleus (LDTg), previously implicated in PS control, did not contain a significant number of double-labeled cells in PSR animals, although they all contained a substantial number of singly CTbϩ and singly c-FOSϩ neurons (Fig. 2 D, E, Table 1 ).
The number of singly CTbϩ and CTb/c-FOSϩ neurons after the four control injection sites obtained in PSR rats (Fig. 1) was significantly smaller in several areas compared with VLPAG/ dDpMe injections. First, the number of CTbϩ neurons in all subdivisions of the PAG, as well as in the lateral parabrachial nucleus (LPB), the Kolliker-Füse nucleus (KF), the DpMe, the central gray of the pons, the SLD, and the lateral paragigantocellular reticular nucleus (LPGi) was significantly reduced compared with PSR animals ( p Ͻ 0,05). For the two control sites localized more rostrally (AP, Ϫ6.3; Fig. 1 ), the number of CTbϩ neurons located in the central nucleus of the amygdala was smaller than for the VLPAG/dDpMe sites while it was larger for the control site located ventrally to the VLPAG/dDpMe. Importantly, although the total number of CTbϩ neurons counted in the LH and in the ZI was not different between the control and the VLPAG/dDpMe sites, the number of CTb/c-FOS doublelabeled cells was significantly reduced in control sites compared with VLPAG/dDpMe ones (21.0 Ϯ 4.9 vs 55.8 Ϯ 4.0, MannWhitney U test, Z ϭ Ϫ2.309, p ϭ 0.02 for LH and 5.8 Ϯ 2.3 vs 27.5 Ϯ 5.8, Mann-Whitney U test, Z ϭ Ϫ2.309, p ϭ 0.02 for ZI). The number of CTb/c-FOSϩ neurons was also significantly lower after control injections compared with VLPAG/dDpMe ones in all PAG subdivisions, the DPGi, and the posterior hypothalamic nucleus ( p Ͻ 0,05 for all paired comparisons). These results indicate that the afferents activated during PS hypersomnia preferentially target the VLPAG/dDpMe rather than the adjacent regions.
Contribution of the MCH neurons to the LH-VLPAG/dDpMe projection
It has been previously demonstrated that ϳ60% of the c-FOSϩ neurons localized in the LH after PS hypersomnia express the neuropeptide MCH (Verret et al., 2003; Hanriot et al., 2007) . Therefore, to determine the contribution of the MCH neurons to the descending pathway from the LH to the VLPAG/dDpMe, we performed a triple labeling combining MCH and CTb immunofluorescence with c-FOS DAB immunostaining (Fig. 2B ) in PSR animals with a CTb injection in the VLPAG/dDpMe (n ϭ 4). We found that 44.1 Ϯ 5.4% of the CTb/c-FOSϩ cells localized in the LH express MCH (Fig. 2B-C) . Since it has recently been shown that the LH contains a population of GABAergic neurons that express neurotensin but not MCH (Leinninger et al., 2009 (Leinninger et al., , 2011 , we further determined whether part of the c-FOSϩ neurons located in the LH in PSR animals might include this population. We found out in PSR animals that Ͻ5% of the c-FOSϩ neurons in the LH express neurotensin, and Ͻ9% of neurotensinϩ cells of the LH are c-FOSϩ, eliminating this possibility (Fig. 3) .
Effect on PS of the inactivation of LH neurons
Our tract tracing analysis (see above) clearly showed that the LH is the only structure containing a very large number of neurons activated during PS hypersomnia and projecting to the VLPAG/ dDpMe. These neurons, in part MCHϩ, could play a key role in PS control by means of an inhibition at the onset and during PS of the GABAergic PS-off neurons located in the VLPAG/dDpMe. To test this hypothesis, we determined the effect on sleep quantities from bilateral injections in the LH of two inhibitory com- pounds, muscimol (a GABA A agonist) and clonidine (an ␣-2 adrenergic agonist). Muscimol was chosen for its ability to inhibit all neurons. We also tested the effect of clonidine, because, in basal condition, MCH neurons but not the intermingled wakeactive hypocretin neurons have been reported to express ␣-2 adrenergic receptors (van den Pol et al., 2004; .
In the eight animals used, all injection sites were localized in the LH (Fig. 4 A, B) . To confirm that the injections in the LH induced a local inhibition, we counted the number of hypocretin (HCRT) and MCH neurons expressing c-FOS in animals perfused 3 h after muscimol (n ϭ 4) or NaCl (n ϭ 4) injections. As shown in Figure 4C -E, the injection of muscimol inside the LH induced a significant reduction of 60% in the number of HCRT neurons expressing c-FOS compared with NaCl (Mann-Whitney U test, Z ϭ Ϫ2.309, p ϭ 0.02). The number of MCH/c-FOSϩ neurons, already low following NaCl, was slightly but not significantly lowered after muscimol injection (Mann-Whitney U test, Z ϭ Ϫ0.722, p ϭ 0.47).
Muscimol injection in the LH (n ϭ 8) induced a significant increase in SWS quantities during 14 h compared with NaCl (Fig.  5 A, C) . The effect was due to an increase in the number and duration of SWS episodes and a decrease in waking quantities (Fig. 5 D, E) . SWS latency was not modified compared with NaCl (9.7 Ϯ 2.5 min vs 8.2 Ϯ 1.5 min, Wilcoxon signed-rank test, Z ϭ Ϫ0.42, p ϭ 0.67). Although the animals spent Ͼ80% of their time in SWS during the first 6 h, PS was absent (Fig. 5 A, B) . PS latency was 389.7 Ϯ 14.8 min after muscimol injection compared with (1997) and Watson Rat Brain atlas, fifth edition. C, Schematic drawings of sections illustrating in representative animals singly HCRTϩ, or MCHϩ, (gray dots), and c-FOS/HCRTϩ, or c-FOS/MCHϩ (red dots) neurons in animals perfused 3 h after NaCl or muscimol injection in the LH. The rostrocaudal level of the section is indicated in the bottom left corner (in mm from bregma). D, Numbers (mean Ϯ SEM) of HCRT and MCH immunoreactive neurons expressing c-FOS in rats perfused 3 h after muscimol or NaCl treatments (n ϭ 4 rats per group). E, Percentages of HCRT and MCH immunoreactive neurons expressing c-FOS in animals perfused 3 h after muscimol and NaCl treatments (n ϭ 4 per group). *p Ͻ 0.05 vs NaCl condition. 3V, Third ventricle; f, fornix; ic, internal capsule; mt, mammillothalamic tract; opt, optic tract; VMH, ventromedial hypothalamic nucleus. 67.5 Ϯ 7.1 min for NaCl (Wilcoxon signed-rank test, Z ϭ Ϫ2.521, p ϭ 0.01). Between 6 and 8 h after injection, PS episodes reappeared progressively. Then, between 8 and 16 h after muscimol injection, the amount of PS significantly increased compared with NaCl (Fig. 5 A, B) . This increase allowed muscimol-treated animals to recover the PS quantities lost during the first 6 h compared with NaCl as reflected by PS-cumulated values (92.9 Ϯ 7.4 min vs 94.3 Ϯ 5.1 min 16 h after injection, Wilcoxon signedrank test, Z ϭ Ϫ0.7, p ϭ 0.48) (Fig. 5C ). The increase in PS quantities during the 8 -16 h period was due to an increase in the number and duration of PS episodes (Fig. 5 D, E) .
During the first 2 h after clonidine injection (n ϭ 8), PS quantities were reduced compared with NaCl (3 Ϯ 0.9 min vs 6.1 Ϯ 1.4 min, Wilcoxon signed-rank test, Z ϭ Ϫ2.38, p ϭ 0.02) (Fig.  5 B, C) . This decrease was due to a reduction in the number of PS episodes (3.5 Ϯ 1.1 vs 6.6 Ϯ 1.2, Wilcoxon signed-rank test, Z ϭ Ϫ2.1, p ϭ 0.04) but not of their duration (0.7 Ϯ 0.2 min vs 0.9 Ϯ 0.2 min, Wilcoxon signed-rank test, Z ϭ Ϫ0.98, p ϭ 0.33) (Fig.  5 D, E) . PS latency was increased by 53.5% after clonidine injection compared with NaCl (from 67.5 Ϯ 7.1 min to 103.6 Ϯ 9.5 min, Wilcoxon signed-rank test, Z ϭ Ϫ2.366, p ϭ 0.02) (Fig. 5F ). Then, between 2 and 4 h after clonidine injection, PS quantities were significantly increased compared with NaCl (16.3 Ϯ 1.5 min vs 13.6 Ϯ 0.9 min for NaCl, Wilcoxon signed-rank test, Z ϭ Ϫ2.1, p ϭ 0.04). After 4 h, PS cumulated values were no longer different between NaCl and clonidine treated animals (19.6 Ϯ 2 min vs 19.3 Ϯ 2.1 min, respectively). SWS ( Fig. 5B-E) and waking quantities were not affected by clonidine treatment although SWS latency was decreased by 46.5% compared with NaCl (from 8.2 Ϯ 1.5 min to 4.4 Ϯ 1.2 min, Wilcoxon signed-rank test, Z ϭ Ϫ2.028, p ϭ 0.04).
Effect of LH inactivation on c-FOS expression in VLPAG/dDpMe GABAergic neurons projecting to the SLD
To determine whether VLPAG/dDpMe GABAergic neurons play a role in the suppression of PS induced by muscimol application in the LH, we counted the number of c-FOSϩ neurons expressing gad67 mRNA in the VLPAG/dDpMe in rats perfused 3 h after muscimol (n ϭ 4) or NaCl (n ϭ 4) injections. During the 3 h following muscimol injection, animals spent 96.0 Ϯ 1% of their time in SWS (vs 57.9 Ϯ 5% for NaCl, Mann-Whitney U test, Z ϭ Ϫ2.309, p ϭ 0.02) and PS was totally suppressed (0 Ϯ 0% vs 7.5 Ϯ 0.6% for NaCl, Mann-Whitney U test, Z ϭ Ϫ2.309, p ϭ 0.02). As illustrated in Figure 6A -C, the number of c-FOS/gad67 doublestained neurons was 3.7 times higher in the VLPAG (MannWhitney U test, Z ϭ Ϫ2.309, p ϭ 0.02) and 8.2 times higher in the dDpMe (Mann-Whitney U test, Z ϭ Ϫ2.309, p ϭ 0.02) after muscimol compared with NaCl injections. These neurons repre- sented 75% of the total number of c-FOSϩ neurons. Additionally, in the two rats with a muscimol injection in the LH and a CTb injection in the SLD (Fig. 6D) , a large number of CTbϩ neurons were observed in the VLPAG/dDpMe area (Fig. 6 E, F ) as already reported and 30% of these CTbϩ neurons expressed c-FOS (Fig. 6 E, F ) .
Discussion
Based on an exhaustive analysis of the afferents to the VLPAG/ dDpMe activated during selective PS deprivation and hypersomnia, we show for the first time that the LH is the only structure containing a very large number of neurons activated during PS and projecting to the VLPAG/dDpMe. We further reveal that 44% of these neurons express the neuropeptide MCH. We then show that muscimol or clonidine injection in the LH induces an inhibition of PS. We finally demonstrate that a large number of VLPAG/dDpMe neurons activated after muscimol injection in the LH are GABAergic and project to the SLD.
Methodological considerations
In the present study, we used c-FOS as a marker of neuronal activation given that, even if it is not a perfect marker (Kovács, 2008) , it is still the best available to extensively map activated neurons. Indeed, during the last 15 years, c-FOS has been widely used by many groups to identify the neuronal network controlling the sleep/waking cycle (Yamuy et al., 1993; Sherin et al., 1996; Maloney et al., 1999 Maloney et al., , 2000 Maloney et al., , 2002 Morales et al., 1999 Morales et al., , 2006 Boissard et al., 2002; Verret et al., 2003 Verret et al., , 2005 Modirrousta et al., 2005; Lu et al., 2006; Sapin et al., 2009 Sapin et al., , 2010 Clément et al., 2011; Hsieh et al., 2011) . Furthermore, electrophysiological recordings of neurons performed so far in structures containing c-FOSϩ neurons in the PSR condition confirmed the presence of PS-on neurons (Koyama et al., 2003; Luppi et al., , 2012 Hassani et al., 2009 Hassani et al., , 2010 Sirieix et al., 2012) .
MCH/GABAergic neurons of the LH inactivate VLPAG/dDpMe GABAergic PS-off neurons at the onset and during PS
We show in the present study that, specifically during PS hypersomnia, the LH contains a very large number of CTb/c-FOS double-labeled cells after a CTb injection in the VLPAG/dDpMe. We further show that 44% of these neurons express MCH. In agreement with our results, a large number of MCH immunoreactive fibers and MCH receptors 1 has been observed in the VL-PAG/dDpMe region (Bittencourt et al., 1992; Hervieu et al., 2000) . We previously showed that 60 and 75% of the numerous c-FOSϩ neurons located in the LH during PS hypersomnia are MCHϩ and gad67ϩ, respectively (Verret et al., 2003; Sapin et al., 2010) . We further demonstrated, combining MCH immunohistochemistry with gad67 in situ hybridization, that 85% of the MCH neurons are gad67ϩ and therefore likely GABAergic (Sapin et al., 2010) . Electrophysiological recordings in the LH coupled with juxtacellular labeling confirmed that MCHϩ neurons are specifically active during PS (Hassani et al., 2009) . From the present and previous data, it can therefore be concluded that PS-on MCH/GABAergic neurons of the LH heavily project to the VLPAG/dDpMe.
To determine the function of this pathway in PS control, we inactivated all LH neurons with muscimol (a GABAa agonist) or only those bearing ␣-2 adrenergic receptors using clonidine. We found that muscimol and to a lesser degree clonidine bilateral injections in the LH induce an inhibition of PS with or without an increase in SWS quantities, respectively. Our results are in line with a previous study in cats that reported a strong SWS hypersomnia with a total suppression of PS after muscimol injection in the LH (Lin et al., 1989) . The fact that both compounds inhibit PS and that muscimol also inhibits waking could be due to a restricted expression of ␣ 2 adrenergic receptors on LH neurons implicated in PS control compared with a ubiquitous expression of GABAa receptors on all LH neurons including wake-active ones. Nevertheless, a neuroanatomical study demonstrated that ␣-1 and ␣-2 adrenergic receptors are expressed in 21 and 16% of the wake promoting HCRT neurons (Piper et al., 2000; Estabrooke et al., 2001; Adamantidis et al., 2007 ) and 1.5 and 15% of the MCH neurons, respectively (Modirrousta et al., 2005) . However, in vitro studies showed that in basal condition, the HCRT neurons are excited by noradrenaline and not affected by clonidine Grivel et al., 2005; while the MCH/GABAergic PS-on neurons are hyperpolarized by noradrenaline and clonidine applications (van den Pol et al., 2004) . Moreover, it is unlikely that HCRT neurons are inhibited by clonidine in our experiments since SWS quantities were not increased like after optogenetic inhibition of HCRT neurons (Tsunematsu et al., 2011) . In view of all these results, the observed suppression of PS by clonidine could result from the inhibition of the MCH/GABAergic PS-on neurons although it remains to be ruled out that other types of LH neurons are not also inhibited by clonidine and are therefore involved in PS control.
We further showed that after muscimol injection in the LH, the VLPAG/dDpMe region contains a large number of c-FOS/ gad67ϩ and of c-FOS/CTbϩ neurons in animals with a CTb injection in the SLD. Our results first indicate that the activation of PS-on neurons localized in the LH, in part MCH/GABAergic, is a necessary step for PS to occur. They further suggest that these neurons control PS onset and maintenance by means of their direct inhibitory projection to VLPAG/dDpMe PS-off GABAergic neurons. More generally, it can be proposed that PS-on neurons of the LH constitute a master generator of PS that controls a slaved generator located in the brainstem. It is indeed well known that the brainstem is necessary and sufficient to generate PS since this state is still present after the removal of the forebrain (Jouvet, 1962) . To reconcile these and the present results, we therefore propose that, in intact animals, the activation of LH PS-on neurons trigger PS by directly inactivating the VLPAG/dDpMe PSoff GABAergic neurons inducing the disinhibition of the SLD glutamatergic PS-on neurons and therefore the state of PS. In animals with an ablation of the hypothalamic generator, brainstem PS-on neurons, localized in the PAG and/or the SLD, would be able to take over brainstem PS-off neurons to generate PS.
PS control by other structures than the LH projecting to the VLPAG/dDpMe
After CTb injection in the VLPAG/dDPMe, the dorsal and dorsolateral PAG contained a large number of CTb/c-FOS doublelabeled neurons specifically in PSR rats while the lateral and ventrolateral PAG contained such cells both in PSD and PSR animals. We previously showed that 50% of the VLPAG c-FOS labeled neurons in PSR animals expressed gad67 and are therefore GABAergic. In contrast, the great majority of the c-FOS labeled neurons located in LPAG, DLPAG, and DMPAG in PSD and PSR animals did not express gad67 ) and could be glutamatergic (Clements et al., 1987) . Altogether, these and the present results suggest that putatively glutamatergic and GABAergic PS-off and PS-on neurons located in the different subdivisions of the PAG might control the activity of the PS-off GABAergic neurons in the VLPAG/dDpMe. They more generally confirm as proposed previously ) that it constitutes a key structure for PS control, since the PAG contains both PS-off and PS-on neurons with probable reciprocal interconnections.
We also importantly found that, although the SLD contains a significant number of CTbϩ neurons after CTb injection in the VLPAG/dDpMe, they did not express c-FOS in all groups of animals. We previously demonstrated that the numerous c-FOSϩ neurons localized in the SLD during PS hypersomnia are not GABAergic . We further showed that most of them are glutamatergic (Clément et al., 2011) . Altogether, our results strongly suggest that the SLD neurons projecting to the VLPAG/dDpMe region are not GABAergic PS-on neurons. They are therefore not in favor of the hypothesis that a flip-flop switch, between PS-on GABAergic neurons located in the SLD and GABAergic PS-off neurons located in the VLPAG/dDpMe, controls PS as previously hypothesized (Lu et al., 2006) . The discrepancies between ours and the data of Lu et al. could be due to the fact that different methods were used to induce PS hypersomnia.
We also did not find CTb/c-FOS double labeled neurons in the lateral preoptic area (LPO) including the extended VLPO during PS hypersomnia although both c-FOS and CTb singly labeled neurons were present in this structure. These results are in line with another study showing that the number of VLPO neurons projecting to the VLPAG and expressing c-FOS during PShypersomnia does not correlate with PS quantities (Hsieh et al., 2011) . They are not in favor of a control of PS-off GABAergic neurons of the VLPAG/dDpMe by PS-on GABAergic neurons located in the extended VLPO (Lu et al., 2006) . In summary, our results indicate that PS-on neurons, in part MCH/GABAergic, located in the LH, constitute a master generator of PS. They further strongly suggest that these neurons control PS onset and maintenance via inhibitory projections to VLPAG/dDpMe GABAergic PS-off neurons.
